Paul traps are widely used to confine electrically charged particles like atomic and molecular ions by using an intense radiofrequency (RF) field, typically obtained by a voltage drop on capacitative electrodes placed in vacuum. We present a RF drive realized on a compact printed circuit board (PCB) and providing a high-voltage RF signal to a quadrupole Paul trap. The circuit is formed by four interdependent resonant circuits -each of which connected to an electrode of a Paul trap -fed by low-noise amplifiers, leading to an output voltage of peak-to-peak amplitude up to 200 V at 3.23 MHz. The presence of a single resonant circuit for each electrode ensures a strong control on the voltage drop on each electrode, e.g. by applying a DC field through a bias tee. Additionally, the moderate quality factor Q = 67 of the resonant circuits ensures a fast operation of the drive, which can be turned on and off in less than 10 µs. Finally, the RF lines are equipped with pick-ups that sample the RF in phase and amplitude, thus providing a signal that can be used to actively control the voltage drop at the trap's electrodes. Thanks to its features, this drive is particularly suited for experiments in which high trap stability and excellent micromotion compensation are required.
Paul traps are one of the most exceptional tools in the field of experimental quantum physics 1 . By applying an RF signal to one or more electrodes, it is possible to create a deep attractive potential capable of trapping ideally anything possessing an electric charge, from macroscopic objects 2 to atomic and molecular ions 3 . Charged particles can be trapped for a considerably long time, especially with the use of laser cooling techniques, making crystals of cold ions confined in a Paul trap one of the most promising hardware for the realization of quantum technologies 4 . In its linear configuration, a Paul trap is formed by two pairs of parallel, linear electrodes (e.g. rods) that are equally spaced. Opposite electrodes are placed at the same voltage in order to create an electric quadrupole field at the center of the trap. Trapping is achieved when one pair of electrodes is connected to ground, while the second one is placed at a voltage V 0 sin(Ω T t). In an alternative configuration, a pair of opposite electrodes is fed with a voltage V 0 /2 sin(Ω T t), while the second pair is placed at V 0 /2 sin(Ω T t+π). Both configurations lead to an attractive harmonic pseudopotential of frequency 3 :
a) Electronic mail: detti@lens.unifi.it where q is the particle's charge, m its mass, r 0 the distance between the center of the trap and the electrodes, and ω r Ω T . For most applications in ion trapping, a trapping frequency ω r > 1 MHz is highly desirable, since it facilitates the optical control of the ion motional state in the trap 5 . To this end, a relatively large amplitude of the RF potential is needed. In a non-miniaturized trap, for instance, a typical distance between the electrodes ranges from 100s µm to a few mm, and the amplitude of the RF needed must range from a few hundreds to thousands of volts. For a given amplitude of RF, a method to maximize the frequency of the secular motion is to feed all the electrodes with an RF signal having the right phase.
One of the main challenges in realizing a Paul trap is finding a way to feed the electrodes with such a large oscillating voltage. A common strategy is to realize a resonant circuit in which the ion trap -playing the role of the capacitance -is connected in series to an inductor 6 . This approach has two advantages: on the one hand there is no need of high power, since the amplification is provided by the resonance of the resulting LC circuit; on the other hand, the resonant circuit plays the role of a filter, thus reducing the effects of the noise associated to the primary source. In order to maximize both effects, the quality factor Q of the resonator should be as large as possible. To this end, the resonant circuit must have a large inductance and a low resistance, while the capacitance should be ideally provided only by the ion trap, in order to maximize the voltage drop across the rods.
In a typical implementation, the inductance is provided by a helical resonator, formed by a few windings of copper wire surrounded by a conducting shield 7, 8 . However, this device usually has a relatively large size, which poses difficulties in the design of a compact experimental setup. As a result, increasing interest has been devoted to the miniaturization of RF drives into printed circuit boards (PCBs) 9 , for instance by using logic CMOS inverters 10 or low noise amplifiers 11 . In this paper we present an RF drive realized on a PCB and formed by a network of four resonant circuits -each connected to a single electrode of a linear Paul trap -in which the high voltage output is obtained with the combination of a resonant RLC circuit and a low-noise commercial amplifier. The four resonant circuits are interconnected in order to ensure the existence of a common resonant mode with the same frequency and amplitude. This design, which differs from other RF drives recently realized on PCBs 9-11 , ensures that an independent DC field can be provided to each of the four RF outputs with a bias tee. This condition is particularly important in applications in which an excellent compensation of micromotion is needed 12 , e.g. in atom-ion physics experiments 13 . Finally, the RF drive is provided with two different kinds of pick-up probes, which continuously measure both the amplitude and the phase of the RF. These signals can be used to monitor the voltage generated by the drive and to actively stabilize the potential acting on the ions 14 . Each resonant circuit has a quality factor Q ∼ 67, but the combination with a low power amplifier ensures an overall increase of the voltage by a factor ∼ 200. The moderately small Q of each resonant circuit ensures a fast operation of the drive, a property that can be relevant in experiments in which the trapping potential has to be quickly turned off, e.g. for transferring a particle from a Paul trap to an optical trap 15 . The paper is organized as follows: in the first paragraph we present the conceptual design of the interdependent resonant circuits. In the second paragraph we show the RF board, while in the third paragraph we present some measurements of characterization of the board. Finally, the last paragraph is devoted to the conclusions.
I. RESONANT CIRCUIT DESIGN
The RF drive is formed by four resonant circuitsone per electrode of a Paul trap -that amplify and filter the RF signal. The resonant circuits are interconnected in the RF drive in order to enforce a common resonating frequency. In this section we provide a detailed description of the characteristics of each resonant circuit, and of how they are combined in the RF board.
A. The single resonating circuit
The fundamental circuit of the RF drive is an RLC circuit resonating at the frequency
where L eq and C eq are the equivalent inductance and capacitance of the whole circuit, respectively. The quality factor of this circuit is:
with R being the equivalent series resistance. If we imagine to feed this circuit with a signal of frequency Ω T and amplitude V 0 /2, for instance through a transformer, the voltage drop at the capacitor of the RLC circuit is V 0 /2 sin(Ω T t). The circuit is designed such that the capacitive load C eq is mainly due to the capacitance of the RF electrode. Its value is considered to be a fixed quantity, since it depends on the Paul trap geometry, i.e. the electrode's shape, size and the distance from the other electrically conductive parts. The equivalent inductance L eq , instead, is a free parameter that can be tuned in order to find the best compromize between a large quality factor Q and a relatively large resonant frequency Ω T . Additionally, and independently from the resonant frequency, the quality factor is increased by reducing the total resistance R, which should be ideally kept as low as possible.
Schematic of the RF drive representing the conceptual idea behind the design. Four resonant RLC circuits feed four capacitors -representing the total capacitance of the ion trap plus the drive circuit -at an iso-frequency ΩT .
A possible strategy for realizing a sufficiently large inductance -e.g. on the order of a few 100s µH -without implementing a bulky helical resonator is to build inductors by winding a conducting wire on a ferrite core. Ferrite cores are characterized by a frequency-dependent magnetic permeability that depends on the material, the size and the shape of the core. While the reactive term of the impendance is proportional to the real part of the magnetic permeability, its imaginary part provides a resistive term, physically caused by the eddy currents induced in the core. In general, the resistive and reactive parts are linked by the dissipation factor DF, a specific characteristic of the core material. The presence of the inductors' resistive term affects the overall resistance R of the RLC circuit, which then reads:
where R 0 is the component of R that does not depend on the drive frequency, originating for example from the wires' resistance. Other possible frequency-dependent terms of the resistance, for instance due to the skin effect on the wires, have for the moment been neglected. The quality factor of the RLC circuit can then be re-written in the form:
In the low resistance regime (R 0 Ω T C eq DF), the real limitation to the Q factor is the dissipation factor DF: in order to keep a high value of Q it is crucial to choose a ferrite with the lowest possible losses.
The passive RLC circuit must be fed with RF produced by a primary source, typically a synthesizer. The connection between the primary source and the RLC resonator, or "secondary circuit", can be realized by using a transformer. Intuitively, one may imagine that -in order to transfer as much power as possible -the secondary circuit must be impedance-matched to the primary one (which has typically an impedance Z S = 50 Ω). This implies that at resonance, i.e. when the reactive part of the RLC circuit is zero, the real part of the inductance should be matched to Zs with an additional circuit connected to the primary source. However, if Re[Z S ] is smaller than R, impedance matching causes a decrease in the quality factor, since Re[Z S ] + R < 2R.
As a result, in the case Re[Z S ] < R it is more convenient not to match the impedances of the primary and secondary circuits, since there is not any particular constraint on the current circulating in the drive but there is the need to have a high Q and a low dissipation on the electrodes. The drawbacks for the mismatch are a higher dissipated power on the source -a synthesizer with a high-power low-impedance amplifier-rather than on the trap, and the possible presence of reflections creating stationary waves on the resonant lines, resulting in a DC offset on the RF electrode. However, this effect can be counter-acted by adding to the RF signal an external DC field.
B. The interdependent four resonant circuits
One electrode of a Paul trap can be modelled as a capacitive load. However, it is reasonable to associate to it also an equivalent series resistance (ESR), which may originate e.g. from the dielectric losses of the electrode's insulating support. Ideally, capacitance and resistance should be the same for each electrode; in practice, this is never exactly true due to possible asimmetries in the trap assembly or to mechanical imperfections. This makes it practically very hard to realize four independent RLC circuits having the same resonant frequency. Our strategy to ensure the presence of a common resonant frequency is to place 1 : 1 transformers that connect the four resonant circuits (see Fig. 1 ). We use a commercial software (Mathematica) to simulate this configuration, in which we consider only the resonant RLC circuits connected to an ideal RF source. The results of the simulation are shown in Fig. 2 . If one assumes that the electrodes are exactly equal, there is only one common resonance frequency Ω T , as expected. Furthermore, the RF signal in neighbour circuits has opposite phase, so the board generates in overall two pairs of identical RF signals with opposite phase, as requested for a correct functioning of the Paul trap. In case a small difference between the capacitances of the electrodes is introduced, a number of minor resonances appear, but the common resonant frequency holds, proving that this circuit design is robust against small variations of the electrical components. 
II. THE RF DRIVE PROTOTYPE
We have realized an RF drive based on the scheme presented in the previous section. The scheme is divided in five main "blocks" (see Fig. 3 ). The block A represents the part of the circuit that is placed inside an ultra-high vacuum chamber, i.e. the capacitances and the ESRs of the Paul trap electrodes. The actual values of the capacitances and the ESRs there reported are relative to the Paul trap for which this RF drive was initially designed, and they were estimated by simulating the trap with a finite element software (Comsol Multiphysics). The block B represents the portion of the secondary circuits that is placed outside the vacuum chamber: the blocks A and B constitute four interdependent RLC circuits. The inductances in block B are designed to resonate at approximately Ω T = 2π × 3.5 MHz. Block C is formed by four 1 : 4 transformers that are used to connect the primary and the secondary circuits, i.e. to feed the resonant lines with RF signal. The purpose of these step-up transformers is to increase by a factor a = 4 the voltage amplitude from the primary to the secondary circuit, thereby enhancing the total amplification factor. Conceptually, the RF sources of Fig. 1 are realized by the blocks D and E. Block E is constituted by four independent Direct Digital Synthesis (DDS) chips that are set at a frequency Ω T /2π and have tunable amplitudes and phases. They are connected to four amplifiers (block D -Analog Devices AD8392) characterized by an output impedance of R S = 0.2 Ω at Ω T = 2π ×3.5 MHz.The amplifiers' input impedance is matched to the 50 Ω output of the DDSs.
The op-amps are set for a feedback gain of G 5. This choice ensures an increase of the signal enhancement at resonance, since the real part of the impedance of the circuit is reduced. If we consider the pre-amplification stage and the step-up transformers, the Q factor of Eq. (4) becomes
The magnetic cores used for the inductors of the RF drive are toroidal Ni-Zn ferrite cores (material: DN5H from the company DMEGC), which are characterized by a low dissipation factor around Ω T . In order to estimate the cores' dissipation factor, we have realized a number of resonant circuits formed by a single inductor and a conventional capacitor resonating at approximately Ω T . With these circuits, we have measured the resistance at resonance as a function of the impedance of the inductor. The results are plotted in Fig. 4 . A dispersion factor DF= (8.0±0.2)×10 −3 is obtained from a linear fit to the data. By substituting this value in Eq. (5), we can estimate Q 115, and a resonance frequency of Ω T = 2π × 3.5 MHz. We notice that the dispersion factor DF is the largest term in the denominator of Eq. (5), and therefore the dispersion of the core represents the strongest limitation to the Q factor of this RF drive.
Since the capacitance and the ESR of the electrodes are in general not identical, we have placed two balancing capacitors C S1 and C S2 that connect the in-phase lines of the drive in order to ensure that the RF signals of the secondary circuits have all the same amplitude. Moreover, we have equipped the RF drive with phase and amplitude pick-ups that can be used to perform active stabilization of the RF signal, with the goal of counter-acting possible effects -like thermal fluctuations of the different elements of the drive -that may affect the long-term stability of the trap frequency ω r 14 . The active stabilization of the RF potential requires a faithful sampling of the voltage drop at the electrodes. This needs to be done in a section of the circuit that is at a high impedance load. To this end, we implemented little-invasive probes with 1 : 100 capacitive dividers realized with the 0.2 pF and 20 pF capacitors as the last elements of the circuit outside the vacuum (see Fig. 3 ). The capacitive dividers work as phase pick-ups (φ-pick-ups) that carry information on the resonance frequency Ω T and the relative phase between the signals on the RF electrodes. Therefore this signal can be used both to stabilize the trap frequency ω r by changing Ω T , and to actively stabilize the relative phase between the electrodes. The amplitude pick-ups (A-pickups) are realized by placing a rectifier after the capacitive divider to generate a signal linearly dependent on the RF amplitude V 0 /2. The board has one A-pick-up and one φ-pick-up for both pairs of electrodes at V 0 /2 sin(Ω T t) and at V 0 /2 sin(Ω T t + π).
III. CHARACTERIZATION OF THE RF DRIVE
We have realized the RF drive on a 4-layers PCB of size approximately 100 mm×70 mm (see Fig. 5 ). The operation of the board was first characterized by substituting the electrodes with 5.6 pF ceramic capacitors. This choice allowed us to directly monitor the RF signal with external probes, if needed. Fig. 6 shows the amplitude of the RF signal in the secondary circuit as a function of the frequency of the primary RF source. The circuit has several resonances, including the one at Ω T = 2π × 3.37 MHz that we had initially targeted as the working resonance, and that we expected from the simulation to be at approximately 2π × 3.5 MHz. The resonance at Ω T has a full width at half maximum of 2π × 91 kHz, which we extracted from a Lorentzian fit. The resulting quality factor is Q = 57, which is lower than what expected from Eq. (5). We attribute this discrepancy to the non-ideal behavior of the transformers that have a mutual inductance coefficient smaller than 1. Other effects that may reduce the quality factor of the circuit are possible cross-talks between transformers that are closely placed on the board. We notice that the value of the quality factor could be increased e.g. by changing the inductors of the board, at the price of lowering the resonant frequency Ω T . The relatively small quality factor ensures a fast operation of the drive: we measure a falling time at resonance of 7.7 µs, corresponding to a time constant τ = 3.5 µs.
In addition to the resonance at Ω T , other resonances arise at different frequencies (see Fig. 6 ). We attribute the presence of these resonances to the small unbalanc- ing between the four resonant circuits, the components of which are not perfectly equal. This speculation was confirmed by simulating the circuit with the commercial software LTSpice, in which a small variation of one of the components of the circuit results in the appearance of new resonances. Of all the additional resonances, we further investigated the strongest one at about 1.06 MHz. This resonance corresponds to the creation of four RF signals having all the same phase. This condition clarifies the appearance of this resonance at a frequency consid- erably smaller than Ω T : since the equivalent inductances associated to the 1:1 transformers in the block B of Fig. 3 depend on the direction of the currents, a resonance with all the RF signals in phase is characterized by values of L eq that differ with respect to the ones associated with the resonance at Ω T , resulting in a strong difference in both the frequency and the quality factor of the resonance.
We tested the response of the pick-ups at resonance. Fig. 7 shows the response of the two A-pick-ups as a function of the amplitude of the primary RF source. The data show a very good linear response. Additionally, we measured the bandwidth of the A-pick-ups, finding it equal to 6 Hz. This corresponds to the maximum bandwidth for a stabilization loop that can correct slow amplitude variations. If needed, this bandwidth can be changed by modifying the components of the rectifiers. This can be done at the cost of increasing the ripple amplitude on the pick-up signal -currently approximately 15 mV for V 0 = 200 V . Additionally, we used the φ-pick-ups to measure the relative phase between the RF signals used to feed neighbour electrodes. For an optimal operation of the Paul trap, this phase should be π. Fig. 8 shows the output signals of the two φ-pick-ups when phase frequency and amplitude of the DDSs are set correctly. The sinusoidal signals of frequency Ω T have a phase difference φ/π = 1.001 ± 0.006, measured from fit. We note that the amplitude of the A-pick-ups and the φ-pick-ups are slightly different, possibly because of small differences in the components forming the capacitive dividers. These differences can be easily calibrated by using external probes.
At resonance, we are able to produce signals of peakto-peak amplitude up to V 0 = 200 V with an input RF of peak-to-peak amplitude 1 V. We checked the stability of the drive by running it for 24 hours at the maximum output without active stabilization. We found no appre-ciable changes of the resonant frequency, but we noticed a small variation of the phase of the RF signal. These small instabilities, possibly due to thermal effects on the ferrite core, can be actively corrected by probing the signals with the φ-pick-ups. The total power consumption of the board is due to the op-amps and is ∼ 2 W. This value, which is calculated for the sum of all four resonant circuits, currently limits the maximum reachable peak-to-peak voltage, since a higher power could lead to a failure of the op-amps. We note that the power consumption is nominally higher than other compact drive implementations in literature. However, the power consumption in these drives is kept low by realizing smaller gains 10 , by running at lower frequencies 11 , or by working at temperatures for which a cryostat is needed 16 .
Finally, we tested the RF drive when connected to the linear Paul trap that is currently under development at our laboratory. We measure a resonance at Ω T = 2π × 3.23 MHz, with a full width at half maximum of 2π × 75 kHz, resulting in a quality factor Q = 67. This small variation originates from the fact that in its actual implementation we found the electrodes to have a capacitance of approximately 10 pF, slightly larger than what initially simulated.
IV. CONCLUSIONS
We presented a compact RF drive for ion traps built on a PCB and composed of four interdependent resonant RLC circuits which are capable to work in iso-frequency, iso-amplitude and proper phase relation. The presence of four resonant circuits, one per electrode of a Paul trap, ensures the possibility of adding to each RF signal a DC voltage through a bias tee. A high voltage output is realized by using a low-noise amplifier and the enhancement factor of the resonant RLC circuits. The drive has a quality factor Q = 67 -mainly limited by the the dissipation factor of the ferrite material constituting the inductors of the resonant circuits -while the total voltage gain of the whole drive is approximately 200. This gain is sufficiently large to ensure ion trapping while dissipating moderate powers on the op-amps, namely less than 2 W for four trap electrodes. The drive is also equipped with non-invasive pick-ups in order to monitor the RF signals amplitude and phase, making it possible to actively stabilize the voltage drop on the electrodes of the Paul trap via feedback loops.
Quantitatively, the performances of the drive in its current realization depend on the specific ion trap to which it is connected. However, the drive schematics can be easily adapted to other traps with different capacitive loads and different trap frequencies, possibly leading to better performances. Additionally, the drive scheme can be scaled up to a larger number of inter-connected resonant circuits, e.g. for driving multipoles RF traps 17 . Finally, the compact PCB size and low power consumption make the drive suitable for transportable ion trap experiments.
